We report beaming and enhanced transmission of electromagnetic waves by use of surface corrugated photonic crystals. The modes of a finite-size photonic crystal composed of dielectric rods in free space have been analyzed by the plane-wave expansion method. We show the existence of surface propagating modes when the surface of the finite-size photonic crystal is corrugated. We theoretically and experimentally demonstrate that the transmission through photonic crystal waveguides can be substantially increased by the existence of surface propagating modes at the input surface. In addition, the power emitted from the photonic crystal waveguide is confined to a narrow angular region when an appropriate surface corrugation is added to the output surface of the photonic crystal.
Photonic crystals (PCs) are artificially designed periodic dielectric materials. 1 The periodic index modulation leads to strong modification of the dispersion diagram for the electromagnetic (EM) waves. The strong modification of the dispersion diagram has been one of the major reasons behind the extensive research on PCs in the past decade. Many interesting applications based on PCs have been proposed and demonstrated. Waveguides 2 and highly directional antennas 3 are among these applications. A metallic surface and the surface of a corrugated PC have in common that both surfaces can support surface-propagating EM waves. 4, 5 The properties of surface-propagating modes on metallic surfaces have been extensively studied. Recently, extraordinary light transmission through a subwavelength aperture on a metallic surface surrounded by concentric grooves or a grating was demonstrated. 6, 7 This extraordinary transmission is attributed to the excitation of surface modes on the metallic surface. In addition to the extraordinary transmission, beaming of EM waves via surface modes on the metallic surfaces has been reported. 8 Moreno et al. 9 theoretically demonstrated that similar effects such as enhanced transmission through a PC waveguide and beaming of EM waves can be observed by using PCs. Moreover, Kramper et al. 10 demonstrated a beaming effect in optical regions by using PC structures.
In this paper, we experimentally demonstrate high transmission amplitudes through PC waveguides when a surface corrugation is added to the input surface of the PC. In addition, our far-field radiation pattern measurements show that, when a periodic corrugation is added to the output surface of the PC, the power emitted through the PC waveguide is confined to a narrow angular region.
Modes of an infinite PC can be calculated by using the plane-wave expansion method. 11 The same method can be used to identify the modes of a finitesize PC by employing a large enough supercell. We study TM-polarized (electric field parallel to the axis of the rods) EM waves throughout this work. The PC that we used in our study is a two-dimensional square array of circular alumina rods. The radius of the rods is 1.55 mm. The dielectric constant of alumina is 9.61, and the lattice constant is 11 mm. The supercell has a rectangular geometry, and it consists of 40 layers long along the y axis and 1 unit cell along the x axis; 15 unit cells along the y axis contain alumina rods, and the rest is free space. We calculated the band structure of an infinite PC [ Fig. 1(a) ] and the finite-size PC [ Fig. 1(b) ] that we used in our experimental studies. The modes of a finite-size PC (infinitely periodic along one of the axes and finite in the other axis) can be classified into three parts: (1) modes extending both in air and in the PC, (2) modes extending in air but decaying in the PC, (3) modes decaying in air but extending in the PC. 4 Only the modes that extend both in air and in the PC are observed in the transmission spectrum.
The PC surface supports surface propagating waves when an appropriate corrugation is added. 4 The corrugation may be achieved by reducing the rod radius at the surface of the PC or by using rods of different shape. For this study we changed the radius of the rods at the surface of the PC from 1.55 to 0.76 mm. The band structure of the corresponding PC is calculated by the plane-wave expansion method with a large supercell [ Fig. 1(c) ]. Figure 1(c) shows that when the corrugation is added a band below the light line appears in the band structure.
[This band is shown with a dashed curve in Figs. 1(c) and 1 (d) .] This band is inside the photonic bandgap and extends from 11.9 to 12.8 GHz. The electric field for these modes is evanescent both in air and inside the PC. However, these modes have real wave vectors parallel to the PC surface. As a result, these modes are surface-propagating waves.
Since the surface-propagating modes lie below the light line [ Fig. 1(c) ], they cannot be excited by incident plane waves. However, these modes can be excited by adding a gratinglike structure to the surface of the corrugated PC, i.e., by adding an extra layer with a suitable lattice constant. The added layer is composed of alumina rods with a radius of 1.55 mm and a lattice constant of 22 mm. The coupling to the surface modes of the PC can then be observed by measuring the reflection spectrum. We measured the reflection spectrum by using an HP-8510C vector network analyzer and transmitting-receiving horn antennas. The measured reflection spectrum is shown in Fig. 2 . Both the uncorrugated and the corrugated PC effectively reflect the incident EM waves. On the other hand, when the gratinglike layer is added to the surface of the corrugated PC, the resulting structure exhibits a dip in the reflection spectrum around 12.4 GHz. The magnitude of the reflection coefficient is −32 dB at 12.4 GHz. The dip in the reflection spectrum clearly shows that because of the gratinglike structure the incident EM waves effectively couple to the surface modes of the corrugated PC around 12.4 GHz. If one calculates the coupled surface mode wavelength from the period of the gratinglike layer, surface = Period gratinglike layer , this frequency for our structure turns out to be 13.6 GHz. On the other hand, the measured value is around 12.4 GHz. The discrepancy may be attributed to the effect of the basis and the unit cell that make the gratinglike layer. Hence, the geometry and the content of the gratinglike layer must be taken into account.
Important components of photonic devices include the waveguides. Previously, several waveguide structures based on PCs have been proposed and demonstrated.
2 PC-based waveguides are usually fabricated either by removing a complete row from the PC or by creating coupled defects. One major problem with PC-based waveguides is low transmission efficiency.
Recently, enhanced transmission through subwavelength metallic apertures surrounded by concentric grooves or a grating was demonstrated by several researchers. 6, 7 The concentric grooves or the grating is used to excite the surface-propagating modes on the metal. It has been suggested that surface modes play an important role in the enhanced transmission.
We fabricated a PC waveguide by removing one row of rods from a 21ϫ 15 square array of circular alumina rods. The crystal is 15 layers long along the propagation direction. The measured and the calculated spectra transmitted through the PC waveguide are shown in Fig. 3 . A waveguide band between 9.7 and 13.1 GHz is observed in the transmission spec- Fig. 2 . Measured reflection spectrum from (curve A) the bare PC surface, (B) from the PC surface with an added corrugated layer, (C) from the corrugated PC surface when the gratinglike structure is added. Fig. 3 . Curve A, measured and B, calculated transmission spectrum through the PC waveguide; curve C, measured and, D, calculated transmission spectrum through the PC waveguide when the surface corrugation and the gratinglike structure is added in front of the input surface of the PC waveguide. trum of the PC waveguide. The overall transmission efficiency is around 10% within the waveguide band compared with free-space transmission.
We added an extra layer of rods with a radius of 0.76 mm to the input surface of the PC. As we have shown previously, addition of this extra layer creates surface modes. In order to couple to the surface modes, we added the gratinglike layer in front of the extra layer. Note that the gratinglike layer results in efficient coupling to the surface-propagating modes around 12.45 GHz (Fig. 2) . The measured and calculated spectra transmitted through the PC waveguide with the input surface modulation are shown as curves C and D in Fig. 3 . The transmission efficiency is increased by a factor of 5 around 12.45 GHz when compared with the bare PC waveguide. These results indicate that efficient coupling to the PC waveguide modes can be achieved via surface propagating waves.
The EM waves emitted through a subwavelength aperture quickly diffract in all directions. 12 Recently, it was shown that when a subwavelength aperture on a metal surface is dressed with a grating or concentric grooves, the EM waves emerging from the subwavelength aperture are confined to a narrow spatial region. 8 This phenomenon is usually called beaming. The PC waveguide that we used in this study has a width smaller than the operation wavelength. The operation wavelength is around 2.5 cm, whereas the waveguide width is 1.9 cm. Hence the EM waves emitted through the PC waveguide would diffract in all directions from the PC waveguide aperture. The far-field radiation pattern of the waves emitted through the PC waveguide is shown in Fig. 4(a) . Figure 4(a) shows that the emitted power spreads into a wide angular region.
The surface modes can be excited by the PC waveguide. The excited surface modes can be coupled to the radiating modes of free space when a gratinglike layer is added in front of the corrugation. The measured far-field radiation patterns of the EM waves emitted from the PC waveguide with surface corrugation and the gratinglike layer are shown in Fig. 4(b). Figure 4(b) shows that with the surface corrugation and the gratinglike layer of the emitted power are confined to a very narrow angular region with a half-power beam width of 10°. In addition, the measured electric field intensity at 12.45 GHz over a 35 cmϫ 50 cm area on the exit side of the PC waveguide in the presence of corrugation and the gratinglike layer is shown in Fig. 5 . Figure 5 shows that the electric field intensity is confined to a narrow spatial region and propagates without diffracting into a wide angular region.
In conclusion, we have demonstrated beaming and enhanced transmission of EM waves by using surface modes of corrugated PC structures. The measured transmission of a PC waveguide structure without surface corrugation was about 10%. The transmission increased to 55% when a surface corrugation with a gratinglike layer was added to the input surface of the PC waveguide. In addition, we demonstrated that the electric field emitted through the PC waveguide in the presence of the surface corrugation and the gratinglike layer was confined to a narrow spatial region.
